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Abstract

Bimetallic Fe/Cu nanoparticles were successfully stabilize chitosan used for

remediating hexavatlent chromium contaminated wast owever, the

over-loaded chitosan on the surface of Fe/Cu particles li Cr(VI) reduction

due to the occupation of the surface reactive sites.
the reduction reactivity, the optimal dosage of gRit

doping dosage is 3.0wt%. SEM and TERgd %owed that the chitosan-stabilized
&particles) were uniformly dispersed,

characterization showed that the binding

ighing the colloid stability and
2.0wt% and the optimal Cu

Fe/Cu bimetallic nanoparticles (CS-
which had loose and porous su
sites of nZVI and chitos emonstrated that the presence of copper and
chitosan did not chan e Wgg#ence form of zero-valent iron. Most importantly, the
contribution of m Cu in the removal mechanism was studied by the
reduction experimeégts and the XPS analysis. On the one hand, chitosan could
effectively combine with Cr(VI) due to chelation, on the other hand, Cu played an
important role in the precipitation and coprecipitation phenomena. These findings
indicate that CS-Fe/Cu has the potential to be a promising material for wastewater
treatment.

Keywords Fe/Cu nanoparticles, chitosan, hexavalent chromium, adsorption,
precipitation and coprecipitation

1. Introduction

Heavy metal pollution with potential risk to human health and the environment

has particularly aroused increasing public concerns due to its widespread occurrence
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(Zeng et al., 2013). Among heavy metals, chromium is one of the most common toxic
metal ions which mainly derive from leather tanning, electroplating, manufacturing,
organic syntheses and other industries (Peng et al., 2017; Li et al., 2017a). Because of
intentional and accidental release into the environment, chromium exist especially in
soil and groundwater beyond the environmental standards. Chromium mainly exists in
two stable valence states of Cr(l111) and Cr(V1) in the environment. Cr(V1) species are
soluble, mobile and bioavailability compared with Cr(l11) species (Dong et al., 2017b).
Therefore, it is vital to remove Cr(VI1) from wastewater before discharging into the
environment.

Due to their outstanding properties of easy accessibil®» inexpensive and

nontoxic, nanomaterials are widely used in many fields (Xu ; Huang et al.,

2016). Typically, nanoscale zero-valent iron (nZVI) partic ommonly used as

an outstanding electron donor for the oxidation an
pollutants (Gong et al., 2017a; Xie et al.,
reactivity of nZV1 usually are related to a

surface reactive sites (Dong et al., 20

nsformation of a wide range of
pared with ZVI, the high

face area and increased available

er, due to the high intrinsic reactivity,
the fresh nZV1 tent to agglome

r
surface passivation. Pd (nggb;

’ Feng and Lim, 2005), Cu (Nakseedee et al., 2017,

and oxidize easily, which resulted in iron

Li et al., 2017b; Gao et al., 2016), Ni (Dong

et al., 2017a; Kumar ej®®,
Zeng et al., 2017\ 9(2017) coating iron particles could facilitate the generation
and transformation §f electrons and be used for the reduction of pollutants. It is a
successful strategy to enhance the reactivity of iron-based particles. In addition, in
order to maintain the colloid stability, the stabilizers such as (CPC) (Liang et al., 2014;
Zhou et al., 2017), starch (Kumarathilaka et al., 2016), and carboxymethyl cellulose
(CMC) (Dong et al., 2017a), and guar gum (Li et al., 2016) have been commonly used.
The stabilized nanoparticles existed through electrostatic repulsion and steric
hindrance in the presence of stabilizer. Table.S1 summarized the modification of nZVI
in recent years.

Recently, chitosan attained much attention in the green synthetic process on

account of its biodegradability in the environment (Kazemi et al., 2017). Chitosan
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with amine groups and hydroxyl functional groups is expected to bind strongly with
Fe’ and stabilize the nanoparticles effectively (Liu et al., 2013). Herein, we have
developed a new strategy of the bimetallic Fe/Cu nanoparticles stabilized by chitosan.
The system can synergistically combine two strategies: (1) chitosan for physical
adsorption of Cr(VI) and (2) Cu responsible for the precipitation and coprecipitation
of Cr (VI). The primary aim of this study was to (1) synthesize bimetallic Fe/Cu
nanoparticles stabilized by the chitosan, and evaluate the colloid stability and
chemically reactivity to determine the optimal dosage of chitosan and characterize (2)
investigate the influence of different factors, such as the Cu doping dosage, the initial
Cr(VI) concentration, medium pH and temperature on the V1) reduction; (3)
further elucidate the role of chitosan and Cu in the Cr(VI) re %

2. Materials and methods

2.1 Chemicals and materials
Patassium dichromate (K,Cr,0O;) and

purchased from Sinopharm chemical R t%

reagent grade chitosan with 95% dea a as purchased from Marklin Chemical

&

was prepared by disg] tain amounts of K,Cr,O; with ultrapure water.
Ultrapure water ughout the whole experiment process.

I, CS-nZVI, Fe/Cu and CS-Fe/Cu nanoparticles

rohydride (NaHB,4) were
d, Shanghai, China. Biochemical
Reagent Co. Ltd, Shanghai, Chi hemical reagents used in bath experiments

did not undergo any furthe on. An artificial Cr(\VI1) contaminated solution

2.2 Synthesis of n
Chitosan flake (0.5 g) was dissolved in 100 mL (0.5% v/v) acetic acid solution at
55°C for 5 h. Deionized water and prepared chitosan solution were pre-purged with
purified N for 30 min to remove O,

2.2.1 nZV1 nanoparticles

5.6 g FeSO,4-7H,0 dissolved into 100 mL solution exclusion of dissolved oxygen.
Then, 100 mL of freshly prepared NaBH, solution by dissolving 1.5132 g with
dissolved oxygen ultrapure water was added to the above solution drop by drop under

the condition of mechanical agitation. The obtained sample was cleaned three times
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with ethanol, and then vacuum 12h at 60 °C to obtain the nZVI.

2.2.2 Fe/Cu nanoparticles

5.6 g FeSO,4-7H,0 dissolved into 100 mL solution exclusion of dissolved oxygen.
Then, 100 mL of freshly prepared NaBH, solution by dissolving 1.5132 g with
dissolved oxygen ultrapure water was added to the above solution drop by drop under

the condition of mechanical agitation. Added 0.1740g CuSO45H,0 into the CS-nZVI
and reacted 30 min under vacuum, and then vacuum 12h at 60 °C to obtain the Fe/Cu

nanoparticles.

2.2.3 CS-Fe nanoparticles

5.6 g FeS0O,4-7H,0 dissolved into 100 mL solution exclusi olved oxygen,
then which was added with variable dosage chitosan solu . Then, 100 mL

of freshly prepared NaBH, solution by dissolvinggd.5132 g With dissolved oxygen

ultrapure water was added to the above solution d drop under the condition of

mechanical agitation. Then vacuum 12h @obtam the CS-Fe nanoparticles.
2.2.4 CS-Fe/Cu nanoparticles

5.6 g FeSO4-7H,0 dissolved | solution exclusion of dissolved oxygen ,

then which added with vanQ e chitosan solution( 1, 2, 3, 4wt% ). Continuous
stirring for 30 min un@ eeded to intensive mixing. Then, 100 mL of freshly
prepared NaBH, dissolving 1.5132 g with dissolved oxygen ultrapure
water was added to tNe above solution drop by drop under the condition of mechanical
agitation. Added 0.0568, 0.1136, 0.1704, 0.2272, 0.2840g CuSO,5H,0 into the
CS-nZV1, respectively and reacted 30 min under vacuum to successfully load Cu to

the CS-nZVI particles. The obtained sample was cleaned three times with ethanol, and
then vacuum 12h at 60 °C to obtain the CS-Fe/Cu nanoparticles.

2.3 Batch experiment
Batch experiment aimed at testing the relative Cr(\V1) chemical reduction reactivity
of of Fe/Cu and CS-Fe/Cu was carried out. Meanwhile, tests aimed at investigating

the influence of different experimental factors on the removal of Cr(VI), including
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initial Cr(VI) solution concentrations, medium pH and environmental temperature.
Fe’-based nanoparticles was weighed and pour into 250 mL conical flask containing
100 mL of simulated Cr(VI) contaminated wastewater. The initial pH was adjusted in
the range of 3 to 9. During the experiment, shaking bath shake at a rate of 200 rpm. At
the desired reaction time, Fe/Cu and CS-Fe/Cu were magnetic separated from Cr(V1)
solution, and a random 1 mL sample was extracted by 1 mL injection syringe from the
supernatant for the the measurements of residual Cr(\VI) concentrations. Chromium
(V1) concentration was analyzed using the common diphenylcarbohydrazide method.

All experiments were performed in duplicate. The removal efficiency was calculated

by Eq (1):
Cr removal efficiency (%) = (1-C/Cy)x100% 1)

Where C; was the concentration of Cr(VI) at the specific g L), Cowas the
initial concentration of Cr(VI) (mg L™).

2.4 Characterization of stabilized nanopart

i
p&%ﬂage and elemental composition

in tron microscope (FEI QUANTA250)
with integrated energy dipersiv lyser (EDX) system. The dispersibility of
material was investigated st nal G2 F20 transmission electron microscope

(TEM) at 200 KV. X-rzamui

The synthetic material surface mor

were obtained from field emission s

on (XRD) analysis were performed on a Bruke D8
Advance (Germ i igh-power Cu Ka X-ray source (k = 0.154 nm): at 26
angles ranging fronR10° to 80° accelerating voltage of 40 kV; emission current of 40
mA; and scanning rate of 3° 20 per minute. Thermogravimetric measurements were

performed on a STA 449 F3 Jupiter simultaneous thermal analyzer at a heating rate of

10 °C min? in nitrogen (Netzsth, Sellb,Germany). The X-ray photoelectron

spectroscopy (XPS) characterization were recorded on a ESCALAB 250Xi (Thermo
Fisher Scientific) with a monochromatic Al X-ray source at 150 w and binding energy
with C1s 284.8 calibration. 3 Results and discussions

3.1 Colloidal stability of CS-Fe/Cu nanoparticles

In order to investigate the colloidal stability of the freshly Fe/Cu suspensions in the
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presence/absence of stabilizer chitosan. The kinetics study of sedimentation of Fe/Cu
and CS-Fe/Cu with different loadings of chitosan as shown in Fig.1. The absorbance
of 508nm was 9.22% far lower than that of 20.01% in the presence of chitosan (1 wt%)
within the 60 min. This absorbance rate reduction should be related to the rapid
aggregation which favored light transmittance due to intrinsic high magnetic forces
(Dong et al., 2016b). It was consistent with other researchers. Dong et al (Dong et al.,
2016a) reported that the absorbance of 508 nm weaken by almost 60% within 10 min
due to pristine nZV1 particles aggregation. In comparison, the absorbance at 508 nm

changed from 20.01% to 30.22% along with increased chitosan concentration from

1.0 to 4.0wt%, in other words, the colloidal stability of CS- u were under the
control of chitosan loadings. The above results suggested th osal) played a vital
role in dispersing the Fe-Cu nanoparticles. It was reported tching frequencies

of the N and O atoms from the N-H and O-H func
are expected to shift significantly due to the Fe$
To summarize, the concentration of &Q,

nucleation and aggregation of the F, les, and the more chitosan loadings
resulted in the more evenly dispgses

\ial groups vibration of chitosan
attachment (Xie et al., 2016).

expected to affect the crystal

-Fe/Cu nanoparticles.

T T T T T T
0 10 20 30 40 50 60
Time(min)

Fig.1. Kinetics study of sedimentation of Fe/Cu, CS-Fe/Cu with different dosages of chitosan.
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Fig.2. (@) Cr(VI) removal efficiency by nZV1; Fe/Cu; ; CS-Fe/Cu under different dosages of chitosan; (b) the
contribution of Cu, chitosan, Cu and chitosan in the Cr(VI) removal.
3.2 Reduction activity of CS-Fe/Cu nanoparticles
Cr(VI) reduction batch experiments aimed at the c of reduction
efficiency between different iron-based nanoparticles, RN oncentrations of

nZV1 and Cr(VI) were 200 mg/L and 20 mg/L, respg

in Fig. 2, Cr(V1) removal efficiency come 0, 85.5% 90.1% and 95.6% by

nZVI1, Fe/Cu, CS-Fe and CS-Fe/Cu, cipvely. The poor removal efficiency
utilizing nZV1 was caused by the fo of passive layer on the surface of particles
(Arancibid-Miranda et al., 201 e hand, the removal efficiency of Cr(VI)
significantly improved f 30.@6 to 95.6% with the increasing dosage of chitosan
from 0 to 2 wt% his@msistent with other researchers. Dong et al reported that
polyacrylic acid ( olecules on the surface of nZVI nanoparticles changed the
surface charge, and thereby electrostatic repulsion prevented the nanopartilces from
aggregation in the range from 1wt% to 7wt%. Different EDDS dosages from 2Mm to
4Mm influenced the removal efficiency of Cr(VI). This is because EDDS has a high
ability to maintain iron in soluble form and played an important role in stabilizing
Fe(Ill) to prevent its precipitation (Dong et al., 2016c). In coupled with the colloidal
stability of CS-Fe/Cu, it can be speculated that more surface reactive sites ascribed to
a positive effect of the chitosan on the Cr(V1) reduction. In another word, chitosan as

a good adsorbent could facilitate accelerate Cr(V1) transfer and adsorb more Cr(VI).

However, interestingly, when the chitosan dosages increased from 2 wt% to 4 wit%,
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the Cr(VI) reduction efficiency decreased from 95.6% to 90.2% with the increasing
dosages of chitosan from 2 wt% to 4 wt%, which suggested that the excessively
adsorbed chitosan on the surface of Fe/Cu occupied the active surface sites for Cr(VI)
reduction (Zhu et al., 2016). A similar results was recently reported in the study of
Starch-nZV1 and PAA-nZVI1 for the adsorption and reduction of Cr(VI) (Shi et al.,
2011). Thus, surface stabilizer coating not only affect the colloidal stability but also
the reductive activity of nZVI, thus, in the real application, there is a trade off
between them should be taken into account. This is essential in guaranteeing that the
injected CS-Fe/Cu could transport to the pollutant source zone successfully and
removal the heavy metals contaminants efficiently.

On the other hand, the removal efficiency by Fe/Cu wa %ﬂy higher than
that of nZVI attributed to the galvanic effect of copper ( Sapsford, 2017).
This structure favored the generation and transpor®gf electrons which reacted with

hexavalent chromium pollutants. The contributj nic effect of copper (4.9%)

was slightly lower than that of the di cptosan (9.5%). Most notably, the

d on the synergy effect of copper and

maximum removal efficiency of 95.6 &
chitosan. The contribution of s%

t (15%) was higher than that of separate
function and simple mathe erposition (14.4%). Thus bimetallic CS-Fe/Cu

nanoparticles with d wnal combination galvanic effect of copper and

adsorption of c d effectively remove high concertation of hexavalent

chromium in wastevater.

3.3 Morphology analysis
3.3.1 SEM characterization

In order to get more direct information about morphology of prepared iron-based
materials, SEM micrographs of Fe/Cu and CS-Fe/Cu were obtained, as shown in Fig.
3(a). In the absence of stabilizer chitosan, the SEM image of the freshly prepared
Fe/Cu nanoparticles is not very clear because of its strong magnetism. Meanwhile,
Fe/Cu nanoparticles were mostly irregular in shape, due to the magnetic forces and

high surface tension, the growth and crystallization of Fe/Cu are under the control
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(Stefaniuk et al., 2016). In contrast, the stabilized nanoparticles are well dispersed by
chitosan as shown in Fig. 3(b) corresponding to low magnification times and Fig. 3(c)
corresponding to high magnification times. It can be observed that the surface of
CS-Fe/Cu is loose and porous, and the particle structure is favorable for mass transfer
from wastewater to the CS-Fe/Cu. Further, the CS-Fe/Cu nanoparticles present
smoothly spherical in shape, and these results agree with our previous observation for
reduction reactivity due to increased surface areas. These results clearly demonstrated
that chitosan played an important role in dispersing bimetallic nanoparticles. In
addition, EDX analysis (Fig S1.) along with SEM is very important to analyze the
composition of the surface of the sample. 2.69% C derived f the chitosan as a
stabilizer. 79.99% Fe is mainly in the form of zero iron as t n cgmponent of the
chitosan bimetal nanocomposites. 6.72% Cu is used as a nent to accelerate
electron transfer, which is consistent with the calC®ated values. Meanwhile, a very

small amount of sulfur was detected because t@ e cleaning process.

Fig.3. SEM images of (a)Fe/Cu and (b,c) CS-Fe/Cu. EDS spectrum of (d) CS-Fe/Cu.
3.3.2 TEM characterization
The transmission electron micrographs of the Fe/Cu and CS-Fe/Cu nanoparticles

as shown in Fig.4. In the absence of chitosan, Fe/Cu nanoparticles formed chain-like
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aggregations attributed to the magnetic attractive force, suggesting that it was serious
of aggregation, which consistent with XRD. In contrast, CS-Fe/Cu nanoparticles
appeared in a fine dispersive state due to the presence of chitosan, as shown in Fig.4
(b). Evidently, the presence of chitosan prevented agglomeration of the resultant
nanoparticles, which is confirmed by the above comments on colloidal stability.
Apparently, nanoparticle diameter of CS-Fe/Cu was slightly larger than that of Fe/Cu.
In addition, the particle diameters were in the range of 50-100 nm, comparable to
those reported in the literature. The TEM images of 1.0% Pd-Fe nanoparticles with

mean particle diameter are less than 100 nm (Zhu et al., 2016) .

R e X
Fig.4. TEM image of SEM images @Cu ; (b) CS-Fe/Cu.
3.3.3 FTIR characterization &

To explain further the staf8 @\ mechanisms of CS-Fe/Cu, FTIR
characterization was analyzed p®sible binding sites between chitosan, nZVI
and Cu. In the IR Specir& of chitosan, as shown in Fig.5, a band appeared at
3300-3500 cm™ rib@ O-H stretch. Additional main bands in the presence of
chitosan included: at 2896, 2780 and 2368 cm™ ( C-H strerch ); bands at 1022
cm™( C-O stretch ). Meanwhile, a middle strong bands at 1743 and 1380 cm™
represented the typical amide Il and amide 111 of chitosan. Compared to chitosan, the
IR characterization spectrum of chitosan, several noticeable vibration changes
occurred in the presence of CS-Fe. A broad band at 3413 cm™ distinctly weakened. In
addition, the bands at 1743 and 1380 cm™ representing amide 11 and amide III
functional groups significantly weakened. The bands at 1022 cm™ changed
correspondingly, which is consistent with the report of Geng (Geng et al., 2009b). The

results indicated that nZV1 nanoparticles were successfully stabilized by chitosan, and

N and O atoms are reactive sites responsible for the connection. Further, the small

10
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amount of Cu had no effect on the CS-Fe, which suggested that there was no obvious

interaction between chitosan and copper.

100 +
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S
@ 60
[&]
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o
‘E 404
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] T T 1743 1380 T
'_
204 T 28962780 102
] 3413 —CSFe
04 —— CS-FelCu
—— chitosan
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Wavenumber(cm™)

Fig.5. Fourier transform-infrared (FT-IR) spectra of (d Q2N ; (b) CS-Fe; (c) CS-Fe/Cu.

nZvl
—+— C5-Fe
—— C5-FeiCu

T T T T T T T
20 30 il s0 &0 o =
Z2theta degres

Fig.6. X-ray diffraction analysis of (a) nZVI; (b) CS-Fe; (C) CS-Fe/Cu.

3.3.4 XRD and BET measurement
The XRD patterns of nZVI, CS-Fe and CS-Fe/Cu nanoparticles are presented in

Fig.6 (a-c). The strong diffraction peaks of nZVI at 26=44.8° can be attributed to

11
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zero-valent iron. In the CS-Fe, the diffraction of nZVI is well preserved. The results
demonstrated that chitosan is not only a dispersant responsible for dispering nZVI
nanoparticles but also a protectant avoiding the nZVI from oxidation (Geng et al.,
2009b). Different from the XRD patterns of nZVI1 and CS-Fe, the diffraction of nZVI
broaden. On the one hand, Fe/Cu bimetallic nanoparticles exist in amorphous form
take the place the place of the good crystal shape of nZVI. On the other hand, the
copper doping on the surface of Fe reduced the diffraction peak intensity of nZVI.
Unfortunately, the diffraction peak of copper is not detected because cooper content is
low which not meet the detection limit.

To measure and analyze the specific surface areas of tgemprepared NPs, N,
adsorption-desorption isotherms of nZVI and CS-Fe/Cu w oviged in supplied
materials as shown in Fig S2.. The specific surface areas repared nZVI and
CS-Fe/Cu nanocomposites are calculated to be 9. and 14.829 m?/g, respectively.
And the increased surface area due to dispergi of chitosan contributed to

more adsorption sites, which is in agre

prepared samples in the reduction-a

t Wthghe adsorption performance of the

&JCESS. And the relative pore volumes

of these three samples are 0.050 Q
for free access of chromiun()@

/g, respectively, which provided a channel

3.3.5TGA @
The therma the CS-Fe/Cu nanoparticles sample was studied by TGA
(Fig.S3). Results s§pwed only one endothermic peak. The weight loss (4.8%) at

400 °C was due to decomposition of chitosan, which is consistent of the study of

(Horzum et al., 2013).
3.4. Factors affecting on the Cr(VI) reduction
3.4.1 Effects of Cu loading on the Cr(VI) reduction

Except 2wt% chitosan dosage, it is also important to determine the appropriate
dosage of copper. In order to investigate the effect of Cu loading on the removal
efficiency of Cr(VI), the Cu dosage changed from 1wt% to 5wt% (Cu:Fe, mass

fractions), as shown in Fig.S4. The increased Cu dosage from 1wt% to 3wt%
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contributed to the increased removal efficiency from 82.3% to 95.6%. When the Cu
dosage was up to 5wt%, there was a slight reduction of the removal efficiency of
Cr(VI) compared with the highest peak (95.6%). This could be the aggregates of
copper nanoparticles due to the excessive dosages. Thus, Cu loading percentage in
Fe/Cu nanoparticles of 3.0wt% was chosen as the optical Cu doping dosage.
3.4.2 Effect of initial Cr(VI) concentration on the Cr(VI) reduction

The relation between the initial Cr(\VI) concentrations and the apparent rate
constant Kqps Which represents the rate of chemical reaction was studied. As shown in
Table 1 and Fig.8., the Kgps Of the first 20 min is significantly higher than that of the
last 40 min, this is due to dominant chemical reduction reactiong#the first half of the
reaction (Qu et al., 2017), however, physical absorption is r sibldfor the second

half removal of the Cr(V1) regardless of the initial Cr(VI) c
2011). In the first 20min, the Kys decreased from 1§0x 10 to 12.41x107° along with

tMation (Kustov et al.,

the increased the Cr(VI) concentration, and similar with that the Kgps

decreased from1.65x10 to 1.19x107 i min along, respectively. In other

words, the variation of the rate const
the best of our knowledge, Cr(V o=k

the nZVI (Gong et al., 7@
the nanoparticle surface will retard the electron

Croes7F€033300H coeg
transfer from bi | oparticles to Cr(VI) and accordingly slow down the

posite of the initial concentration. To

g oxidant and has the passivation effect on

complex mixture of Crggs7F€0.333(OH)3 and

reaction process ((qan et al., 2017). On the other hand, for a certain amount of
adsorbent dosage, referred to limited reactive sites for increased initial Cr(VI)
concentration. The results demonstrated that the available active sites of CS-Fe/Cu

would be well used even when initial Cr(\V1) concentrations are high.

Table 1 Comparison of Cr (V1) Ky for different initial concentrations ( CS-Fe/Cu=200 mg/L )

Cr (V1) (mg/L)

Kobs( first 20 min')

r?(first 20 min)

Kobs( last 40 min )

r?( last 40 min))

205 14.30x10° 0.9061 1.65x10° 0.9087
525 13.15x10° 0.9380 1.30x10° 0.8279
102.3 12.41x10-3 0.9910 1.19x10-3 0.9756

Table 2 Comparison of Cr (V1) K for different temperatures ( CS-Fe/Cu=200 mg/L )

13




Temperature (K) Kobs( first 20 min ) r2( first 20 min) Kobs( last 40 min ) r2(last 40 min)
288 12.79%10-3 0.9061 1.08x10-3 0.9102
298 13.00x10-3 0.9380 1.12x10-3 0.8579
303 13.28x10-3 0.9910 1.25x10-3 0.9460
330
331
-0.5
4 2032 mg/L
04 s 52.5 me/L
l by + 102 3 me/L
034 %
J
S
g 021
04 4
0.0 4
0
332
333
334  Fig.7. Effect of Cr(VI) concentratio e tics of Cr(V1) reduction by CS-Fe/Cu (experiment

335 conditions: CS-Fe/Cu concerfatio Omg/L; Cr(VI) concentration=20.3, 52.5, 102.3 mg/L;

336 () pH=7.0).

-035.- }
1 & s 288K
030 z\ o 298K
035 ] A --.\ a 308K
g 1 n
J 0201 R
£ ] \
045 < \ q —
040 LN S . __——_é__h___‘—————i
095 ] :il—__' ~ ::—_—_;_____:—_i
000 1 . 1 1 1
0 0 20 30 4 50 &0
337 Time (min)
338 Fig.8 .Effect of temperature on the kinetics of Cr(V1) reduction by CS-Fe/Cu
339 (experiment conditions: Cr(V1) concentration= 20.3mg/L; CS-Fe/Cu concentration:200mg/L;

14
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pH=7.0).

3.4.3 Effect of temperature on the Cr(V1) reduction

The removal of Cr(VI) by CS-Fe/Cu is generally sensitive to temperature. The
trend of Kqys With a sharp decline and then gentle has been shown in Fig. 8 and table 2.
Specially speaking, Kqps in the first 20 min was significantly higher than that in the
last 40 min, which is similar with that under the different initial Cr(\VI) concentration.
Meanwhile, there is also a significant trend in Kqps as shown in Fig.8, which increased
as the temperature increase. Due to the accelerated vibration caused by high
temperature, the pollutant quickly shifted from the solution to the surface of the
CS-Fe/Cu solid material. In addition, it is an endothernysmprocess and high
temperature could provide the energy for the reaction. ’%

3.4.4 Effect of pH on the Cr(V1) reduction

pH is important for the reactivity and life-time
apparent rate constant Kg,s was studied. T
nanoparticles was carried out at pH 3-9 hNge j

mg/L, CS-Fe/Cu nanoparticles loadin 2 /L and at 298K, respectively.

ZV1 in water, hence, pH on the
of Cr(VI) by CS-Fe/Cu
itial Cr(\V1) concentration of 100
The effects of pH on Cr(VI) r e/Cu, CS-Fe and CS-Fe/Cu are illustrated
in Fig.9 (a), the removal efj Cr(VI) by Fe/Cu were 80.3%, 76.2%, 74.3%,
65.2%, 60.4%, 55%, " (QH values of 3-9, respectively after 2h. This result
indicates the me a great extent influence the removal efficiency. Such
results are intelligitRg, the reaction between nZV1 and Cr(VI) needed and consumed
persistently abundant H* (Zhou et al., 2015). Hence, under lower pH condition, more
available H* existed in the aqueous solution that is helpful for Cr(VI) reduction.
Meanwhile, the removal efficiency of Cr(VI) in the CS-Fe/Cu system fluctuated in
moderation and declined to 86.0% when the pH increased up to 9, which showed that
medium pH influenced insignificantly on the Cr(VI) removal efficiency by CS-Fe/Cu.
On the other hand, more H* help to dissolve passive layer derived from nzZVI
oxidation and make the reduction reaction constantly progress (Zhou et al., 2016). In
addition, the pH variation in the reaction process was also investigated. As shown in

Fig.9 (b), it was found that the pH variation in the system increased rapidly within the
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initial 20 min, and then tended to stabilize, which is consistent with the above results
of Kqs. In contrast, the solution pH was alleviated because of the proton of the amine
group and less generated hydroxide ions. The above results may relate to the buffering
effect of the functional groups on the surface of chitosan, such as hydroxyl groups and
amine groups as an excellent proton acceptor (Geng et al., 2009a). Because the
reduction of hexavalent chromium requires a large amount of H*, it lead to increase
the pH of the solution. Similarly, Chen et al. reported that sodium dodecyl sulfate
(SDS) modified nZVI react with Cr(VI) with the pH of initial solution increased from
2.88 10 8.62 (Huang et al., 2015).
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Fig.9. (a) Effect of pH on the removal eff§ M Cr (V1) by Fe/Cu, CS-Fe and CS-Fe/Cu ( Cr(VI)

concentration=50 mg/L; nanoparticle con pON@S®mg/L ) and (b) the variation of pH during Cr(V1) reaction
i C¥-e ahd CS-Fe/Cu systems.

3.5. Comparison of the atign of Cr(VI) in natural samples

In the real Igtio®, the composition of actual wastewater is extremely
complex. There]&k differences could be obtained on the Cr(VI) removal
efficiency between the simulated waterwater and an actual polluted wasterwater. In
this work, the removal efficiency of Cr(VI) by CS-Fe/Cu from ultrapure water, river
water (Xiangjiang River, Changsha), tannery wastewater (Leath goods factory,
Changsha), smelting waterwater (Smelting plant, Zhuhzou) were studied, as shown in
Fig.S5. The results showed that the Cr(\VI1) removal efficiency is 96%, 90% and 85%
for ultrapure water, river water and tannery water, however, relatively lower removal
of Cr(VI) (80%) was observed in smelting wastewater, this is because other heavy

metals as oxidants competitive with Cr (V1). The results suggested that CS-Fe/Cu has

a great potential for the real Cr(VI) wasterwater.
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3.6 Mechanistic interpretations

The above-described experimental results demonstrated that CS-Fe/Cu is an
efficient dual-functional nanomaterial for Cr(VI) wasterwater. To best of our
knowledge, various mechanisms have been explained for removal of heavy metal ions
in aqueous solution by nZV1. Because of the difference of standard potential of heavy
metal, nZV1 immobilized heavy metal mechanisms include reduction, complex
formation, electrostatic adsorption, precipitation and co-reaction (Z et al., 2017). To
further explain the Cr(VI) removal mechanism, the elemental compositions and
valence states of nZVI and the resultant CS-Fe/Cu composites were characterized by
XPS. The whole region scan of the nZV1 and CS-Fe/Cu surfaceg#er reaction with the
Cr(VI) contaminated aqueous solution as show in Fig. S6. r th@ reaction, new
characteristic peaks around 580 ev emerged correspondin CNromium appeared,

which suggested the uptake of Cr(VI) on the suMgce of iron-based nanoparticles
(Xiong et al., 2016). In addition, compare to n Qorgdbvious absorption spectrum
of Cr(VI) can be seen, which is consiste e ghore active activity of nZV1.

XN
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Fig. 10. XPS spectra of Fe2p and C% -Fe/Cu before and after reaction with Cr(VI), a Fe
2p before action; b E fterfeaction; ¢ Cu 2p before action; d Cu 2p after action.

To illustrategie r&e offchitosan and Cu in the Cr(VI) removal, firstly, the XPS
Cr2p spectruer%:u and CS-Fe/Cu was compared, as shown in Fig. S7. The
spin-orbit splitting of 9.8 eV are chracteristic of Cr(lll) (Hu et al., 2011). For the
Fe/Cu, the existence of chromium was in the form of Cr(lll) and Cr(VI). The
results showed that the incomplete reduction of Fe/Cu. On the one hand, the
oxidation products covered the surface of Fe/Cu prevented the electron from
transferring to the Cr(VI1) (Soliemanzadej and Fekri., 2017). On the other hand, the
chitosan played an important role in the adsorption of Cr (V1) due to the chelation.
Therefore, the uptake of chormium in the form of trivalent and hexavalent exist on

the surface of Fe/Cu. Compare to Fe/Cu, the Cr(lll) as the only existence form

existed on the surface of CS-Fe/Cu, which suggested that the complete reduction of
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Cr(VI). On the one hand, the electrons constantly transferred from the nZVI to
Cr(VI) because of the synergistic effect of chitosan and copper. On the other hand,
completely oxidation of nZVI may attribute to the free N-H and O-H groups of
chitosan, which bind with Fe(lll) and inhibit the Fe(lI1)-Cr(Ill) co-precipitate
formation (Naim et al., 2016).

Secondly, the detailed XPS spectrum of Fe and Cu before and after the reaction
was significant for the explanation of the reaction mechanism. As can be seen form
the Fig. 10. (a,b), before the reaction, Fe existed in the form of zero valence and
trivalent, which suggested that the zero-valent iron has some degree of oxidation.
After the reaction, iron is oxidized into trivalent iron attrib to the contributed
electrons. Compare to Fe, Cu may existed in the form of r CB as can seen in

Fig. 10. (c), before the reaction, which is different fro udy of Nakseedee

(Nakseedee et al. 2016). Form the XANES psecMa of Cu K-edge, it revealed that
Si \%w possessed only Cu,O phase
@m synthesis method) contained a

r the reaction, Cu existed in the form

(Cu-Fe);s (corresponded to the situ synthe
while (Cu-Fe);m (corresponded to theg
mixed phase of Cu,O and CuO. H
of CuO which is conS|stent as verified by the LCF analysis AS, as

shown in Fig. 10. (d). T before the reaction converted to CuO after the

reaction. The phenom e precipitation and coprecipitation phenomena. The
{

removal proce ith Cu®* acting as an electron transfer to accept electron
from Fe°, resultiny in Fe?* and iron (hydr) oxides (FexOy) formation. The reaction
proceeds continuously to cover all part of copper particles. At this point, Cr is
removed readily by a coprecipiation with FexOy (Hu et al. 2010). Thus, the
adsorption effect of chitosan as well as the precipitation and coprecipitation of

copper are responsible for the Cr(\V1) reduction, as shown in Fig. 11.
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Fig.11 The hypothesis of the possible synthesis process of chitosan-stabilized Fe/Cu and removal

mechanism of Cr(VI)

4. Conclusion
In this study, bimetallic Fe/Cu nanopartilces were Qre d successfully

stabilized by chitosan for the removal of hexavalent chro from wastewater.

There is a compromise between the stabilization a
% tosan and Cu in this study is

2wt% and 3wt%, respectively. This @ ed by SEM and TEM images,
nanomaterials existed in an unifor se( torm. XRD and FTIR analysis revealed
that CS-Fe/Cu has good stabili@ oxidation. In addition, CS-Fe/Cu have the
[ higher than all of nZVI, Fe/Cu and CS-Fe/Cu,

ts of increased specific surface areas and the galvanic

reactivity of nZV1 because of

the effect of surface coating, and the best do

maximum Cr(VI) removal
attributed to the syntacffical
cell. CS-Fe/Cu ha removal efficiency of Cr(VI) under the high initial Cr(\VI)
concentration in a wW¥de range of pHs of 3-9. The XPS analysis explained the role of
chitosan and Cu in the Cr(\VI) removal, the results demonstrated that the possible
removal mechanisms could be simultaneous adsorption of chitosan and precipitation
and coprecipitation of Cu. In summary, this study demonstrates a great potential of
CS-Fe/Cu for heavy metal removal.
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